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Strength  and  Stiffness  Tests  on  Multi-Web 
Boxes  in  Steel  and  Titanium  at  Slevated  Tempera tiires. 


sminjcc 


The  report  cmtains  the  results  of  a  theoretical  and  experimental  study 
of  the  pxire  bending  strength  and  torsional  stiffness  of  stainless  steel 
(D,T,D.i66  and  Fir^  Vickers  520)  and  titanium  alloy  (I.C.I.317)  box  beams. 

This  research  foma  a  continuation  of  the  wori:  already  carried  out  on 
aluminium  boxes  at  ambient  temperatures  reported  in  S  A  T  Ilamo  l/6l. 

The  new  virork  has  fonnod  an  extension  of  the  orisinal  Ilinistry  of  Supply 
Contract  No:  6Airoraft/l1020  CB,7(b). 

Part  I  of  the  report  covers,  in  full  detail,  the  results  of  experimental 
work  on  a  total  of  nine  box-bcaxns,  throe  in  each  r.vaterial.  i^ch  box  was 
subjected  to  torsional  stiffness  tests  and  then  broken  in  pure  bending,  these 
tests  being  carried  out  on  identical  boxes,  in  each  material,  at  ambient 
temperatures  and  at  steady  temperatures  of  200 and  300^,  In  order  to  reduce 
costs  the  boxes  were  somevdiat  smaller  than  the  aluminium  alloy  ones  of  the 
original  programe  and  contained  only  three  cells  instead  of  the  original  five. 

Part  II  of  the  report  congjaros  the  experimental  results  with  the  seme 
theories  xised  in  Part  II  of  tho  original  report  s  1  T  i.emo  l/b1.  It  is  concluded 
that  there  is  reasonably  good  agreement  betwoon  the  theory  of  pxxre  bending 
failure  of  Roforonce  2  and  the  experimental  results.  The  agresment  is  not 
so  good  at  elevated  temperatures  as  that  in  the  original  report,  but  this 
can  bo  attributed  to  the  greater  scatter  in  experimental  results  vAich  would 
be  expected  when  tenperaturo  effects  are  introduced  in  addition  to  the  applied 
loading.  Good  agreatnont  is  reported  betv/esn  simple  torsion  theory  and  the 
torsional  stiffness  measiu'oments ,  the  theoretical  results  being  in  the  rcxige 
♦11^  to  -2%  of  the  euqporlmental  results.  It  is  noted,  however,  that  the 
titanium  alloy  speclmons  show  effective  moduli  of  rigidity  of  about  l6f(  less 
than  would  be  expected  in  relation  to  their  aioduli  of  elasticity.  This 
result  was  confirmed  by  material  control  tests  carried  out  at  the  National 
Physical  Laboratory.  Thus  the  particular  titiinivim  alloy  (IC.I.317)  used  in 
the  tost  is  a  relatively  inefficient  sheet  material  when  used  in  an  application 
vdiez^  torsional  stiffness  is  the  dosign  criterion. 
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aiHENSTfl  AND  SlCTmiESS  TES'J^S  QI^  I.IULTI-n.>EB  BOXES 
M>  CTTMIIUH  AT  Eagy-AMT^MiFi^OT^ 


1.  nrcRcgxjcnow 


In  continuance  of  the  rescni’ch  on  Multl*^/eb  Box  construction  the  first 
part  of  v.hioh  -  Aluriiinium  Alloy  Jiozxa  ~  has  been  covered  by  SAT 
l/6l,  it  v«fl  decided  to  extend  the  tiinistry  of  Supply  Contract 
6/Airoraft/11020/CB,7('o)  to  ixeiude  tests  to  deteriiilne  the  effect  of 
teiaperature  on  the  strength  and  stiffness  of  boxes  in  steel  and  titanium. 
Shis  report  contains  tho  results  of  these  tests, 

2.  TEST  ERO&RAlta: 

For  tlw  purpose  of  tlic  tests  tuo  reLtesontstive  steel  alloys  v/ere 
selected  -  D.^.D.Kjo  and  Pirth-Viokers  P“V.520  -  end  a  relatively  high 
stren^jth  titoniui  alloy  I.C.I.yl?.  A  torsioiool  stiffness  tost  followed 
by  a  bendin:?  test  to  failure  i/ore  to  be  carried  out  on  each  specimen  and 
three  specimons  in  each  taaterial  \rtjre  re.^ired  so  that  tests  at  normal 
ambient  temperature,  at  200''C  and  yOO°C  could  be  inade, 

jj.  BESCRIPnqT  OP  SHCDlBjS 


The  specimens  \A:re  manufactured  to  Dr<n;in;j  IIo»  147lo-9#  and  particulars 
of  the  loain  dimensions,  plate  gauges  and  riveting  are  given  In  Figs.  1  and  2. 
Each  specimen  consisted  of  a  centre  section  and  t\ro  outer  sections  wliioh  yore 
cannon  to  all  specimens. 


The  centre  sections  '.jerc  basically  composed  of  four  formed  channel 
section  webs  riveted  to  flat  top  and  bottom  sheets  of  ecjual  thidoiessos. 
Intercostal  diaphragms  \;ere  located  in  pairs  at  the  load  application  sections 
and  reinforcing  flange  angles  v/sre  added  to  the  \;ebs  outside  of  the  test 
length.  AU  sheet  material  was  to  the  follo'..i.ng  speolfioatlon: - 


Specimen  Me, 

1-3 

4-6 

7-9 


Spocifioation 

D.T.D.166 

P*V,520 

I.C.I.yl7 


Dre\/ing  No. 

14718 

14719 
14717 


Due  to  manufacturing  difficulties  experienced  ^d.th  the  titanium  alloy 
the  webs  of  Specimens  7-9  wore  made  \/ith  o  4T  inside  bend  radius  whereas 
those  of  Specimens  1  •*  6  \/ero  made  \.ith  an  iiuiide  bond  radius  of  a  a 
specified. 


The  tv/o  outer  seotions  used  ^/ith  all  nine  speoi^aens  were  of  slightly 
hoarier  oonstruotlon  in  D,'r,D,l66  material  and  \,’ere  Joined  to  the  centre 
section  by  means  of  butt  straps  on  the  skins  and  angles  oh  tho  webs. 

The  main  test  portion  (24”  long)  on  tho  centre  section  \ms  well  a\/ay 
frm  the  Joints  betv.een  tho  oontro  and  outer  seotions. 


Sliofct  2 


A  uuiaber  of  Chromel-Alumel  thermooouplfie  cleotrlcaUy 
resisi'anuo'A/elded  to  the  sldns  otici  oatex*  v/ebs  of  the  a^oimena  both 
inside  and  out  so  that  adequPte  i-'ea sure. .tent  csf  the  te.ipei'ature 
distribution  over  the  test  len;;ths  oould  be  v.ade,  jhe  positions  of 
these  thermooouples  are  shovm  in  Pl^iuroa  j  -  5» 

4 .  DBSCRIPnON  OP  HIGS 


4.1.  Torsion  Rig 

Tlie  rig  tnes  cianufaotured  to  Drawing  i;.).  14745  end  lo  shotm  in 
Pig,  6  and  In  plate  Ho,  1,  'flie  speolaen  t-ns  claaiped  rigidly  at  one 
end  and  pivoted  on  the  oentre-llne  abouL'  Its  horizontal  axis  at  the 
other  -v^ere  a  pure  couple  vvas  applied  by  mooini  of  a  lever  syst<%i 
loaded  by  a  h/Jraullc  jack  and  a  spring  balanoe. 

The  applied  tox’que  a  Total  load  ^  vq  a  15  P  Ib.lti, 

P  beltv;  the  total  applied  load. 

Dial  ^:at.lges  wexc  attached  In  pairs  to  the  top  and  bottom  skin 
at  several  uhordwlse  stations  along  the  length  of  the  speoimen,  as 
shovm  In  Pigs,  C  -  11,  to  detariAlne  the  angular  defleotlons. 

During  the  elevated  temperature  tests  the  gauge,?  '..ore  '.lounted  above 
the  lamp  trays  as  shovm  In  Plate  Ho,  4. 

4.2,  Bending  Rig 

:'’he  rig  vas  manufactured  to  Drowlug  113,  14720  and  Is  shovm  In 
Pig,  V  and  plate  Wos,  2  and  5. 

The  syoolmens  were  supported  at  two  points  at  24*’  centres  by 
links  plvoUd  at  the  mid-^epth  of  the  specluen  and  the  load  vAs 
applied  by  means  of  a  calibrated  h7<^u'aullc  jack  and  pressure  gauge 
to  tvm  points  at  156”  centres  .hrougli  links  similar ily  pivoted. 

Thus  the  mid-length  of  24"  v.es  sub;jected  tu  n  uo:Uitcnt  bendli^g 
moment  and  no  shear. 

Bending  moment  »  Twtal  load  ^  “  55  P  lb, in, 

T“* 

vdiere  P  a  total  applied  loed. 

Dial  gauges  and  four  Vernier  tapes  vmre  used  in  the  positions 
shovm  In  pigs.  12  -  14  to  meosure  the  defleotlons  of  the  speoliuen. 

During  the  elevated  tempex-ature  tests  the  gauges  wore  mounted 
above  the  lamp  trays  (Plate  Ho,  4), 

4,5»  Heating  gystem 

Heat  was  supplied  to  tlie  specimens  froa  three  lamp  troys  su3i.)ended 
above  the  top  slrln,  and  three  below  ths  bottom  sldLn,  each  tray  being 
backed  by  a  reflector.  The  oentre  trays  oonimined  eight  quartz 
infra -iied  lara£)o,  and  the  outer  trays  esoh  four  slmllnr  lamps.  The 
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output  of  each  laran  wos  1,000  i-^'tts  r.c  a  uonitiial  2j0  voles,  po\iiTer  bein£j  ura’.m 
froia  the  440-volt  uiains  ot5d  supplied  to  the  lamps  by  T»y  of  a  trlple- 

ganfj  p-'phaao  yoriao  transformer,  allov/ing  infinite  raantuil  oontrol  of  the  Iieat 
radiated,  frai  sero  to  jaximum. 

The  arransement  of  the  lamp  trays  Is  sho\m  in  Fi^js,  6  aud  7# 

The  lamps  in  the  centre  tray  were  in  t\rt)  atag^^exed.  rows  pitched  at 
2,75"  in  eaoli  row  and  those  in  the  outer  tray  at  5«5",  transverse  to  the 
length  of  the  specimen  in  all  cases.  The  upper  lamps  ^^ere  4.25"  above 
and  the  lov/er  ones  4.25"  below  the  speciiien. 

For  the  ttrsion  test  the  trays  \««re  adjacc.'t  to  each  other  but  for  the 
banding  test  they  had  to  be  separated  to  clear  the  rig  (Plate  No.  4).  In 
both  cases  the  lamps  extended  only  over  the  centre  section  and  the  reduced 
number  of  lamps  in  the  outer  tray  resulted  in  a  graduation  of  temperature 
froti  the  ends  of  the  centre  section  to  the  teat  length, 

5.  LarPHQD  OF  TEST 

The  procedure  adopted  was  the  savie  for  each  set  of  specimens. 

The  twrsional  stiffness  test  at  noi-mal  tcmpei'ature  vios  first  carried  out, 
followed  by  the  bending  test  to  failure  on  the  same  speoiuon.  This  programme 
was  followed  for  the  next  spechaen  at  200°C  and  then  the  thii’d  at  500°C, 

mor  to  coumencing  the  tests  at  elevated  temperature  a  comprehensive 
series  cf  preliminary  heating  tests  carried  out  on  the  first  steel  spectnen 
after  it  had  failed  at  nonaal  tevapera ture ,  The  upper  and  lower  surfaces  were 

painted  a  matt  black  to  assist  heat  absorption.  Tliese  preliminary  tests  >irere 
made  to  determine  the  best  arrangement  of  lamps  tr  give  as  unifona  a  distribution 
of  temperature  as  possible  both  in  the  skins  and  w'eas  over  the  test  length. 

It  was  found  to  be  Impossible  to  obtain  a  uniforn  tompei'nture  do^n^  the  outer 
i/ebs  even  '..dth  the  side  reflect ors,  and  to  i’educo  heating  losses  to  a  ulnimuia 
the  outside  \,'ebs  were  loft  unblackened. 

Because  of  the  difference  in  oondactlvlty  beh^een  steel  ond  titanium, 
similar  preliminary  ciieck  tests  \{Qxe  also  made  on  the  first  titanium  specimen. 

As  no  more  u:.lfona  temperature  distribution  was  obtained  ^dth  the  blaolcened 
surfaces  sub  sc- cue  nt  specimciis  wex'O  left  uxipainted. 

For  the  tests  at  elevated  temperature  the  lamps  \iere  s'^'itobed  on  and  the 
heating  continued  until  the  required  stabilised  conditions  mots  obtained. 

This  took  ttoee  to  four  hours, 

A  small  load  (torsion  or  bending  as  appropriate)  rues  applied  to  settle 
the  load  system  and  then  removed.  Dial  gauges  wore  seroed  and  loading  counenoed 
in  increueuts,  dial  gauge  readings  being  nol'od  at  each  step.  Temperature 
checks  v;ore  also  made  at  the  termination  of  the  stiffness  tests. 

For  tliO  stiffness  tests  the  loadings  \/ere  contimed  until  the  defleotiona 
..ere  no  longer  linear. 


6,  HESUiaS 
6*1*  Torsion  tests 
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A  nunber  of  tests  ii/ere  oarried  out  on  each  bean  due  to  the 
difficulty  in  obtaining  oonsistent  readings,  and  only  that  \vhioh 
gave  the  most  reasonable  result  has  been  luoluded. 

Each  test  took  approximately  ^-hour  from  the  start  of  loading. 

The  temperature  distribution  over  the  specimen  vms  checked  before  end 
after  each  test  and  tlie  observations  together  with  the  percentage 
variation  are  given  in  Table  A*  The  dial  gauge  readings  end  the 
deflections  are  given  in  Tables  B  and  C>  and  from  these  have  been 
plotted  the  torsional  deflections  of  the  stations  over  the  central 
test  length,  Figs.  13  **  23*  These  curves  have  been  extrapolated 
linearly  to  a  torque  of  80,000  lb. in.  and  the  equivalent  deflections 
at  this  torque  used  to  oalculete  the  angular  twist  at  the  four 
stations.  These  tf/lsts  have  been  plotted  in  Figs.  24  **  32  and  used 
to  determine  the  torsional  stiffness  of  tiie  specimens  over  a  20" 
length  as  shown  In  these  figures  and  plotted  In  Fig.33  sgsinst 
temperature. 

The  theoretical  stiffnesses  for  tlie  same  torque  and  length  of 
specimen  have  been  calculated  by  Bathe  thcozy  using  the  actual  gauge 
thicknesses  of  the  specimens.  !!^eso  have  beer,  taken  as  the  mean 
of  the  thicknesses  of  the  appropriate  tensile  and  compressive  control 
speoimehs  as  given  in  Table  j.  iphe  actual  width  of  the  skins  and 
depth  of  the  Boxas  as  recorded  in  Table  l)  have  also  been  used. 

The  theoretical  and  experimental  stiffnesses  are  suoanarlsed  in 
Table  £.  The  value  of  'E*  in  this  table  is  the  uoan  of  tlio  values 
detormixiod  f  sr  the  control  specimens  fvaa.  the  top  and  bottom  skins 
in  tension  atid  compression  as  given  in  Table  j. 

The  predicted  and  effective  moduli  of  rigidity  used  in  determining 
the  theoretioal  and  experimental  stiffnesses  r6S[)ectivcly  are  also 
given  in  Tablo  E  and  are  based  on  tbe  f  ortaulae  Gp  s  E  and 

Z  U  +>«)  ^ 

Gg  a  Tct  respectively,  where  Poisson’s  Eatio,  T  «  Tor^,  <,  ■ 

length  over  which  %,  the  experimental  angle  of  t^vlst,  vns  measuz^, 
and  J  ai  the  torsional  constant. 

Measured  moduli  of  rigidity,  G^,  '.vore  obtained  ultra sonioaUy  fren 
specially  made  up  speoimens  as  described  in  paragraph  8.  The  effective 
moduli  obtained  from  these  torsional  tests  are  in  reasonably  dose 
agreement  with  the  measured  values  C^. 

6.2.  Bending  teste 

The  loading  to  destruction  took  approximately  one  hour  in  each 
case.  The  temperature  distributim  over  the  specimoi  was  measured 
at  the  con&enoement  of  the  toet  and  is  given  in  Table  F. 

The  dial  gauge  deflsotion  readings  are  given  in  Table  G  end  the 
mean  deflections  at  tiie  various  sections  are  plotted  in  Figs.  34  <*  3I* 
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Some  of  the  support  defleotions  are  erratlo,  but  the  errors  are  negligible 
and  may  be  due  to  sticking  in  the  dial  gauges.  The  defleotions  of  the 
centres  of  the  beams  relative  to  the  inner  supports  are  plotted  in  Figs. 

52  -  60f  and  the  overall  deflections  of  the  beams  at  10|000  lb.  load 
(330,000  lb. in.  Bending  Moment)  in  Figs.  6l  -  6% 

The  maximum  loads  at  failure,  the  bending  moments  and  the  falling 
stresses  based  on  the  simple  Engineer's  theory  are  given  in  Table  H. 

Failure  in  each  case  vms  due  to  buokling  of  the  compression  sldn  and 
web  flange  and  is  shown  in  Plates  5  to  13. 

!Ihe  skins  of  the  D.T.D.166  specimens  (Nos.  1-3)  buckled  outwaxds 
at^  there  was  some  tearing  of  the  iveb  in  way  of  one  web/skln  attaohMnt 
rivet.  The  F-V.520  specimens  (^os.  4-6)  buckled  iniiards  with  no  sign 
of  any  web  tearing,  viillst  the  titaniiaa  spooimens  (Nos.  7-9)  buckled 
inwards  and  the  Viieb  plates  split  along  the  heel  of  the  flanges. 

The  effect  of  temperature  va  the  ultimate  bending  stress  is  shom 
in  Fig.  33. 

7.  coKTaoL  aPEGma^B 

standard  tensile  control  specimens  and  compression  specimens  2.63" 

X  .623"  ^^th  aocurately*  s^pjared  ends  v;ere  out  from  the  same  sheets  as  the 
skins  and  v^bs  of  the  Box  Beams.  The  v/sb  specimens  wears  used  oaaly  for 
thickness  maasuirements  but  the  skin  specimens  xjere  tested  in  the  ivexy 
test  machine  under  the  appropriate  temperature  oandltlons. 

For  the  elevated  temperature  tests  an  ovon  was  fitted  to  the  machine 
and  the  specimens  heated  at  approximately  the  same  rates  and  for  the  same 
times  to  give  the  same  temperatures  as  the  tost  beams. 

The  stress-strain  curves  aare  given  in  Figs.  70  **  75  end  the  results 
summarised  in  Table  J. 


The  variations  of  'E*  v/ith  temperature  for  the  three  aoaterials  are 
shovn  in  Figs.  76  -  78. 


8.  MMSuro  HOPniw  »  msmig 


is  a  result  of  the  incoosis toxic ies  betvmen  the  predicted  and  effaotiva 
modulus  of  rigidity  for  titanium  X.C.I.317  on  test  and  shown  in  Table  B, 
further  small  spooimens  (see  sheet  21)  ware  out  fraa  each  of  the  materials 
used  fen*  the  skins  and  sent  to  the  Basic  il^sios  Division,  N.P*L.«  Teddlngtcm, 
for  determination  of  the  modulus  of  rigidity  in  three  planes  ty  an  ultra-ecnio 
method.  These  results  are  given  in  Table  K  and  shovr  the  material  I.0. 1.317 
espeoialiy,  to  be  anisotropic.  Shese  measurod  moduli  sere  obtained  at 
ambient  temperatures  only  azid  the  values  for  the  p^ne  JJS  are  those  given  in 
Table  E.  The  values  quoted  in  this  table  for  2(Xr0.  and  300  Vm  have  been 
obtained  by  deareasing  the  anbient  value  in  the  ratio  of  ^  appropriate  B* 
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Part  II  -  IHDORETICAL  ANaLXSIS  viND  COi-iP.'iHISON  WITH  EXPERIMENT 


1.0  INI'ifcUDUCTIUN. 

TMs  report  dotails  ths  '  Its  of  an  investigation  into  ths 
purs  bendinii  strength  and  torsional  stiffness  of  steel  and  titanium 
multi-wob  beaifls  at  amoiono  and  ole  vale  d  tenperatures .  This  investigation 
forms  a  continuation  of  one  earlier  research  on  alundniiim  alloy  multi-web 
construction  reported  in  Reference  1. 

In  this  part  of  th:  preserit  report,  the  experimental  results  from 
Part  I  are  comparod  v\ith  those  obtained  by  tiie  various  theoretical  methods 
outlined  in  Reference  1. 

2.0.  TH30I -JIICaL  IdlGSi'IGATIo.JS . 

2.1.  The  rrodicbiwn  of  Pure  Bctriing  Fallui'c . 

The  ir^thods  of  onal.v’sis  described  in  derail  in  Reference  1  have 
bean  :igain  investigated  in  full  detail  for  ail  the  present  specimens. 

Tho  motiiods  used  in  Reforenco  1  ere  Reforonocs  2-5  in  paragraph  5.0  of 
tiio  present  report. 

The  .rethods  wro  ap,olied  exactly  as  described  in  Reference  1  using 
the  actual  specimen  dim.’nsioi.s  aiid  plate  tr.iciaiossos  .and  the  mterial 
prop)rtio3  at  tii'  appropi'ialo  clevatod  temperature  as  determined  from  the 
control  tost  specimens.  Seversd  of  the  methods  used  an  emporical  factor 
for  X’eduction  in  strength,  caused  by  ths  use  of  a  discontinuous  attachment 
such  ;s  rivets,  of  vLtb  to  sicin.  This  reduction  factor  h.as  been  lisod,  vdiere 
appropriate,  in  the  prcseiit  -cialysis  bet  nc  account  has  ensn  taken  of 
the  reduction  in  rivet  str-^th  at  elevated  v.j.parature .  In  the  spocitaanfl 
concerned,  however,  this  effect  is  negligible  since  ti.e  attachnent  is 
relatively  strong  and  can  be  appr3ciabi>'  reduced  vdthout  a  significant 
effect  on  the  strcngtii  of  trie  beam,  as  a  v.r.oiG .  If  it  is  assumed  that  the 
rivet  tension  strf.ngt!-.  varies  in  proportion  to  material  proof  strength 
the  maximun  error  in  the  th.ooretical  beam,  failing  moiiVint  obtained  by 
i^orlng  the  fail  in  material  strongtn  with  rise  in  tempcu'aturc  is 
only  Iji. 

Theoretical  beam  failing  moratnts  obt'dnod  aa  described  above  are 
presented  in  Taole  1. 

Preliminary  comparison  of  Uie  tiijory  with  exporiiicnt  showed  that 
the  agrtjomcnt  was  not  so  good  as  that  reported  in  Reference  1,  It  was, 
thoio.jfore,  decided  to  investigate  th :  effr.ct  of  variation  in  the  assumed 
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offoctivo  modulus  to  soo  il  tMs  would  account  for  tho  discropancy.  Tills 
invustigation  wi3  rustrictod  to  Uu  method  of  Roforcnco  2,  as  this  had 
pravlously  givoo  cxcollmt  a;prcoiiiQnt  w1.  th  ^xporinonl  and  in  any  case  the 
effect  of  variation  in  tho  assuni-jd  offoctivo  modulus  'would  bo  similar 
for  all  iiiothods,  io  cover  thu  widest  possiol'-  ranja:  uotn  tangent  and 
SQcant  modulus  ware  invostig.'itod  for  both  sKin  Duchiing  and  sKin  edge 
stresses.  Tho  results  of  uhis  variation  in  choice  of  off.'ctiv.j  modulus 
ar-i  shov\ri  in  Table  II . 

2,2.  ”  The rmal”  S tro ss  ■; s  . 


It  was  not  possible  to  obtain  an  absolutely  uniform  tomporaturc 
distribution  tlirough  both  tho  si-.ins  and  wo  os  of  the  specimens.  Actual 
tempjraturo  distributions  ar^  givc.n  in  Part  I  Table  a.  I'rom  those 
temperatures  tho  average  skin  and  wjb  t-iinpiratur's  given  in  TibLj  3  have 
been  calculated  for  each  spocinion.  using  those  av;rago  Ujinporatures , 
average  sicin  compression  stresses  ana  woo  t;n3ion  stress  s  have  bean 
evaluated  by  simple  theory.  Those  stross 03  ir.-!  oLso  given  in  Table  3. 
From  thi  tempo ratuTpi  mjasuronv^nts  outainod  it  is  clearly  not  possiblo 
to  obtain  a  dotail-^d  stress  distribution  ,  iving  say,  tho  induced  thermal 
stress  at  tho  web  to  stein  junction.  Howivor,  thi  ^trisses,  given  in 
T„ble  3  would  not  oe  expoct^d  to  hav.,-  an  ap^r  ciabl;  effect  on  tho 
bonding  strength  of  tho  spocimen. 

This  conclusion  is  confirmed  by  Rof oronoo  7  where  tho  strength  of 
tho  beam  in  bonding  was  invostigatod  for  a  largo  variety  of  heating  rates 
and  therefore  thermal  stresses,  i^ietle  change  in  strength  was  obtained 
in  the  tests  in  spite  of  a  considerable  chani;ri  iri  thermbl  stress.  All 
reduction  in  strength  at  (iiovated  t.-;mpcraturo  'was  attributed  to  tho 
reduction  in  material  propertios, 

2.3.  Torsional  Stiffryjss. 


Simple  Brodt-B^tno  closod  coll  torsion  thiory  was  tho  only  theory 
considorod.  This  thjory  is  giv^.n  in  full  detail  in  Heferonoo  6, 

A  review  of  other  torsion  thoorl  s  was  given  in  Roforonco  1. 

3.0.  CUi>lR.-tISoh  hiiDHY  AriiJ  SXPSnl.SNT. 

3.1.  Bending  Strength. 

The  basic  theories  descriood  in  i.ofcroncxi  1  aro;  compared  with 
the  experimental  results  in  Taolo  1  and  Figure  1, 
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Inspection  of  these  resiilts  sho^vs  that  the  agroor.ient  at  atibient 
temperatures  is  very  good  for  both  Reference  2  methods  and  reasonable 
for  Reference  3.  Reference  4  shows  that,  as  in  the  case  of  the 
aluiviinium.  alloy,  wrinkling  tyrpe  failures  were  not  predicted.  Reference 
5  is  the  appraxirrui'-to  dasi.rn  method  and  here  again  the  agreement  between 
theory  and  experiment  is  satisfactory  for  the  purpose. 

At  elevated  tauperatures  the  agreement  is  not  so  cood,  although 
it  is  quite  satisfactory  for  both  the  Firth  Vickers  520  and  the  I.C.I. 
Titanium  AHoy  317.  In  fact  the  only  result  vMch  may  be  regarded  as 
rather  unsatisfactory  is  for  the  Di'D.lbt  Stainless  Steel  at  200®C  and 
to  a  lessor  extent  the  rcsiilt  at  300°C,  This  conclusion  is  hif^ilighted 
in  Fic:ure  1  \diere  the  comparison  between  theory  and  axperiinont  is 
pictorial.  Figure  2  compares  the  reduction  in  baOie  strength  at  elevated 
temperature  vdth  the  reduction  in  laatcrial  properties.  This  shows  that 
the  tv;o  e>rperLv.ental  results  in  question  see;>i  to  be  rather  high.  The 
further  invcsti.p  tions  carri\i  out  idth  varying  effective  modulus  for 
skin  buc’nling  and  edge  stresses,  detailed  in  Table  2,  failed  to  cast 
any  further  light  on  thes  i  two  results.  /ilthbugh  it  did  show  that  the 
sli,"htly  better  agree: ..ent  botv/een  theory  and  experiment  is  obtained  if 
the  effective  mcdiilus,  used  in  Reference  2,  for  both  skin  buckling  and 
edge  stresses  arc  taken  to  be  given  by  the  secant  modulus.  Also,  of 
ccurse,  this  is  by  far  the  c  '.sisst  inodulus  to  obtain  and  it  can  be 
dotermin’ed  v.ith  the  iTe-'.test  accuracy. 

Thc'  only  exielar.atiori  seems  to  be  chat  the  skin  to  web  joint  was 
rather  poorer  in  i,hc  DTD.  166  specimen  from  the  hea.t  flcv  point  of  view. 
This  xvc’jld  result  in  a  lower  fl.ange  temperature  and  consequently  Tigher 
strength,  but  t..  .per  - turn  ;.ieas’arer.=ents  shov:  tlxxt  this  is  a  small  effect 
ar.vl  co’uLd  orJLj'’  accoiuit  for  part  of  the  difference  between  theory  and 
e:cpcriaent.  Inspection  of  Table  2  shows  that  th-j  modified  theory  of 
Refereno,  2,  as  explained  in  Reference  1,  together  vdth  the  use  of  secant 
effective  a.oaulus  'ives  '•  scacter  of  +5^  to  -15^  of  theory  relative  to 
expcri.vent.  This  scatter  is  censi.'3r>d  reasonable  vjhen  two  separate 
effects  (loadia  -.uv;  t-nm  orntui' j)  are  co. . billed  in  one  test. 

3.2.  Torsional  .stiffness 

Tn.orctical  and  experimv^ntal  torsional  stiffnesses  (GJ)  are 
co:.;parcrI  in  Table  4.  Theoiga  comp-'.res  very  well  with  axperiaont,  the 
scatter  band  covering  the  r-'Xige  +11'.-  to  -3%.  Thus  the  theory  is,  on  the 
average,  soi.ie  4a  higher  than  cxperi.ient  with  an  accuracy  on  this  basis 
of  +7’^'.  Th-  fact  that  the  theory  is  Higher  tnan  oxporLaieiit  is  expected 
since  the  theor;;-’’  includes  no  ailo/r.nce  for  rivet  slip.  It  should  be  noted 
that  the  tlieorcticol  stiffness  uses  a  modulus  of  rigidity  obtain  by 
material  control  tests  given  in  Table  K,  sheet  21  of  Part  I  (the  L.E. 
value  is  appropriate  in  this  case).  Since  these  values  correspond  to 
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room  tamperature  conditiona  the  values  for  elevated  tjmpcratxire  conditions 
have  been  obtained  by  reducin^^  these  values  in  proportion  to  the  reduction 
in  modulus  of  elasticity  report  in  Table  ji,  sheet  14,  of  Part  I. 

It  is  interestin,';:  to  note  that  the  ratio  of  modulus  of  rigidity 
to  materi'^  density  is  33.3  x  10^  for  the  titanium  alloy  canpared  vAth 
36,7  X  10°  for  both  the  stainless  steels,  i.e,  the  titanium  aJJLoy  is 
some  S5S  loss  rigid  than  the  stainless  steel.  In  addition,  the  test 
results  on  the  box  beans  show  a  ftirthor  averare  reduction  in  stiffness 
of  the  titanium  silloy  specimen  of  some  8^  in  relation  to  thu  stainless 
steel  boxes .  Thus,  in  an  application  wliere  torsional  stiffness  of  a 
box  is  the  desigi  criterion  the  titanium  alloy  box  will  bo  some  16^ 
heavier  than  the  corresponding  stainless  steel  box. 

4.0  CONCLUSIOlg 


The  conclusion  of  Reference  1,  tliat  there  is  good  agreciiient  between 
bending  theory,  particularly  that  of  Reference  2,  and  caeperiment  has  been 
verified  for  the  stairJLcss  steel  and  titaniue  alloy  i.iulti-v;eb  bean 
investigated  in  this  report.  It  should  b.j  noted,  ho-vover,  that  there  is 
considerably  more  "scatter"  of  thu  theory  rel^it-ive  to  experinont  at 
elevated  temperature.  This  scatter  is  sli.htly  reduced,  and  more 
i..iportant  the  ccreputation  work  associated  vath  the  theory  considerably 
reduced,  if  thvj  effective  modulus  factor  is  taken  to  oc  the  ratio  of  the 
secant  and  Young's  Modulus  instead  of  the  r.or^  conplex  dtowoU  theory 
normally  xised. 

The  torsional  stiffness  tests  show  that  the  thcorj’’,  on  average, 
predicts  torsional  stiffnesses  some  4^  {T eater  than  experiment.  This 
increase  is  directly  attributable  to  th.>  slip  of  the  rivetted  attachment 
of  the  skins  to  tdio  webs.  If,  an  allowance  of  is  made  for  this  effect 
the  theory  may  be  axpectod  to  be;  «ithin  l7^  exporiiount. 
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THB  BFFSCT  uF  VAhlATIoN  UF  EKi-’F.CriVB  MODULUS  FOR 
OF  FAILING  RJMSWTS  BX 
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Not 


Material 
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Tetap. 


(Bef.Pt.l 
Steet  1) 


2 


DTD .166 
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3 


300 


5 


Firth 

Vlekare  52H 


200 


6 


2d0 


8 


Tltanlw 
AUoy  ICI  317 


m 


290 


CoopreMlva 

Stress  In 
sklh  _ 
(Ibyin.^) 

1 

Tensile 
Stress  in 
Mb  . 
(lbyin.2) 

150 

3,690 

U,570 

260 

4,090 

16,630 

160 

2,400 

9,500 

220 

3,430 

U,200 

150 

1,295 

5,150 

22$ 


1,670 


6,120 


-  '■  t 

Specimen 

No; 

(Ref.Pt.l 
Sheet  1) 

Material 

Test 

Predicted  G.j5i 

(Ib.iVrad./inj 

Bxperimental 

G.J. 

(from  Table  S) 

(lb.irv/r*«l*/i»') 

Bxperimej^ 

DTD. 166 

Ambient 

234  X  10^ 

- - 

224  X  ID^ 

— 

1.045 

\ 

2 

M 

200 

193  X  10^ 

198  X  10^ 

0.975 

3 

tl 

300 
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192  X 

1.034 
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233  X  K)^ 
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ft 

300 

207  X  10^ 
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7 

Titanium 

Alloy  ICI.317 

Ambient 

150  X  10^ 

139  X  10^ 

1.077 

S 

ft 

200 

133  » 

126  X  10^ 

1.056 

9 

ri 

300 

125  X  ID^ 

112  X  10^ 

1.115 

t  The  value  of  G  uaed  In  the  predicted  stiffneas  is  that  given 

in  Table  K,  sheet  21,  of  Part  I  and  corresponds  to  the  LB  value. 
Since  these  are  only  roan  teoperaturs  values  the/  More  reduced 
at  elevated  tnnperaturo  in  proportion  to  the  rsdoetlcn  in 
Toong's  Modulus  of  elasticity  givm  in  Table  B,  shoot  14.  of 
Part  I. 
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